Introduction
The contemporary pandemics of obesity and diabetes are devastating in size, breadth, and rate of growth. Over 1 billion adults are either overweight BMI >25 or obese BMI>30, and more than 150 million adults have diabetes, most of which is type 2 diabetes driven by obesity-associated insulin resistance. Even more problematic is the fact that about 25% of children in the USA are also now overweight or obese leading to the appearance of type 2 diabetes in this previously unaffected population. These numbers are expected to increase by more than half again by the year 2025 worldwide, with especially severe impact in less developed countries [1] .
The emerging role of adipose tissue
Obesity develops when energy intake exceeds energy expenditure. This is the result of an imbalance between the ingestion of energy-dense foods, decreased physical activity, and the inability of the CNS to suppress appetite appropriately. In this classical view, adipose tissue is considered a passive storage depot for the excess calories. Over the past two decades, however, this view has dramatically changed. Adipose tissue is now known to be an active endocrine organ, releasing free fatty acids (FFA) and adipokines such as leptin, adiponectin, TNFa, interleukin-6 (IL-6), and retinol binding protein-4 (RBP-4), all of which can act on other tissues, including the brain, liver, and muscle to regulate food intake, energy balance, and insulin sensitivity [2, 3] .
White adipose tissue (WAT) distribution greatly affects metabolic risk. Increased intra-abdominal/visceral fat is associated with a high risk of metabolic disease, whereas increased subcutaneous fat in the thighs and hips exerts little or no risk of metabolic disease. Recent evidence indicates that these functional differences may be developmental in origin [4] , and perhaps to the degree of infiltration of these different fat depots with other cells, which release cytokines that contribute to the insulin resistance seen in obesity [5] . In addition, adipose tissue is heterogeneous. Thus, in addition to WAT, which stores energy, mammals including humans have brown adipose tissue (BAT), which burns energy for thermogenesis.
Over the past 2 to 3 years, there has been an explosion of knowledge about BAT, both at the cell biological level and at the clinical level.
Features of the whole-body adipose tissue depots
In the rodent, the macroscopic view suggests that the adipose organ is composed of a number of depots of WAT but only one major BAT depot that is concentrated in the interscapular area. In addition, however, small collections of BAT have been identified in other areas, including admixed with WAT and interspersed between bundles of skeletal muscle [6, 7] . The composition of these sites is influenced by age, strain/genetics, environment, nutrition, and drugs [8] . For example, in some obesity-resistant strains of mice, there is more BAT admixed in the hindlimb skeletal muscle, suggesting a role for these depots in control of body weight [6, 7] .
BAT is important for thermogenesis and energy balance in small mammals, and its induction in mice promotes energy expenditure, reduces adiposity, and protects mice from diet-induced obesity [9, 10] . Conversely, BAT ablation reduces energy expenditure and increases obesity in response to high-fat diets [11] . At the cellular level, brown adipocytes regulate energy expenditure through their numerous, large mitochondria. In the inner mitochondrial membrane is the BAT-specific uncoupling protein 1 (UCP-1), which when activated dissipates the intermembrane proton-motive force and generates heat instead of ATP [8] . The thermogenic capacity of BAT is impressive. In a cold-acclimatized rat, oxygen consumption by BAT is approximately twice the normal whole-body basal metabolic rate [12] . In humans, it has been estimated that as little as 50 g of BAT could utilize up to 20% of basal caloric needs if maximally stimulated [13] .
UCP-1 is unique to BAT and is necessary to mediate BAT thermogenesis [14] . In addition, to UCP-1, brown adipocytes can be distinguished from WAT at the molecular level by high-levels of expression of type 2 iodothyronine deiodinase (DIO2), the transcription coregulators PRDM16 and PGC-1a, and the regulator of lipolysis Cidea [4] . Despite the immense contribution that BAT plays in rodents, it has generally been regarded as nonexistent in adult humans, and except under uncommon circumstances, such as chronic cold exposure, hyperadrenergic stimulation in pheochromocytoma, and in tumors [15] [16] [17] . The latter, termed hibernomas, are rare, benign tumors usually composed of mixtures of BAT and WAT that bear resemblance to the brown fat of hibernating animals [18] . The importance and function of BAT in normal adult humans otherwise had been considered minimal.
Rediscovery of brown fat in humans
During 2009, several studies led to a paradigm shift in our understanding of the potential role of BAT in adult humans. Although it has been known that adult humans may have small pockets of BAT at postmortem examination [19] , attempts to find functional BAT during life [20] or utilize its thermogenesis for weight loss [21, 22] have been largely unsuccessful [17, 23] , so BAT was thought to be biologically irrelevant in adult humans. Despite this view in the endocrine community, reports in the radiological literature using positron-emission tomography and computed tomography (PET/CT) began to suggest a different point of view. PET, or positron emission tomography, uses radiotracers such as CT provides high-resolution anatomical detail. Fusion of the PET and CT images provides both functional and structural information in a single image (Fig. 1) . In the course of using PET/CT to detect and stage tumors [24] , radiologists noted small, but distinct, nontumor collections of adipose tissue, that is, fat with high uptake of 18 F-FDG [25, 26] . Although this tissue was often called 'BAT' in the radiological literature, internists, and endocrinologists doubted these findings and persisted with the view that adult humans have no functional BAT. ] also demonstrated the expression of UCP-1, DIO2, and the b3-adrenergic receptor, indicating the potential responsiveness of human BAT to both hormonal and pharmacological stimuli. In our retrospective study of almost 2000 individuals undergoing PET/CT, we showed that BAT is detectable in a substantial fraction of the population and that there is an inverse correlation between BAT activity and average outdoor temperature, beta-blocker medication use, and BMI, indicating that adult human BAT responds to stimulation by the sympathetic nervous system and likely participates in both cold-induced and diet-induced thermogenesis. Both Marken Lichtenbelt, et al. The location of BAT in adult humans was unexpected. In rodents and human infants, the predominant BAT depot is interscapular. On the contrary, in adult humans the most common location for metabolically active BAT is the cervical-supraclavicular depot, in a distinct fascial plane in the front of the neck, extending into the supraclavicular and thoracic region in some people [27 ] . In addition, the percentage of adult humans with BAT that can be activated and detected may be quite high, as recent prospective studies using cold stimulation to increase BAT activity and detection via PET/CT show that among younger people, 96% have functional BAT [28 ] . The overall conclusion of these studies is that BAT is present and can be activated in most adult humans and that total BAT activity is inversely associated with adiposity and indexes of the metabolic syndrome suggesting that increasing BAT mass and/or activity may be a target for pharmacologic and nutritional interventions that modulate energy expenditure to treat obesity [32] .
Recent advances in brown-adipose tissue biology
Over the past several years, there has also been important progress in understanding the origin and control of BAT development. BAT is derived from multipotent mesenchymal stems cells [4] . However, brown adipocytes in different anatomical locations appear to have distinct lineages. Thus, interscapular and perirenal BAT appear to be derived from myf5-expressing, myogenic precursors [33, 34 ], but systemic brown fat cells seen within white fat tissue and interspersed within muscle appear to derive from myf5 negative cells and have different features, including greater sensitivity to b3-adrenergic stimulation and cold exposure [6,7,34 ,35,36] . The theoretical scheme of brown adipogenesis is shown in Fig. 2 and is composed of both positive and negative regulators A key transition begins with the triggering of differentiation suppressed by proteins of the retinoblastoma (Rb) family and necdin, a growth repressor functionally resembling Rb [37] [38] [39] . After derepression by insulin/IGF-1, a transcriptional Brown fat as a therapy for obesity and diabetes Cypess and Kahn 145
Figure 2 Therapies for obesity and diabetes that target the BAT differentiation and activation pathway
The development of a fully functional brown adipocyte can be divided into three phases: the multipotent mesenchymal stem cell; the brown preadipocyte; and the mature brown adipocytes. Shown in the upper part of the panel are key hormonal regulators of each phase. There are two principal approaches to utilizing BAT as a therapy for obesity and diabetes. One is the conventional in-vitro pharmaceutical approach of developing hormones or drugs that activate components of the pathway leading from the precursor cells to mature, activated brown adipocytes. The other is a novel ex-vivo strategy whereby progenitor cells are isolated from patients surgically, treated with factors that promote brown adipocyte differentiation, and then transplanted back into the same individuals to establish functional BAT that can be activated to burn off excess calories.
cascade begins [40] , leading ultimately to lipid synthesis, mitochondrial biogenesis, and expression of UCP-1 [39] . Among the critical players are the zinc-finger containing transcription co-factor PRDM16 [41] , which in brown preadipocytes interacts with transcription factors, PPARg, and C/EBPb and their coactivators PGC-1a/b [42, 43] .
The best-known and effective inducer of brown adipogenesis and function is norepinephrine, which plays an important role in stimulating proliferation and differentiation of brown preadipocytes, as well as directly modulating the thermogenic function in mature brown adipocytes [44] . Of particular interest from the perspective of novel therapeutics for obesity and diabetes, there have now been identified additional specific-secreted signaling molecules that trigger brown adipocyte development, including nodal, wingless, and members of the fibroblast growth factor (FGF) and bone morphogenetic protein (BMP) families [4] . The BMPs are secreted proteins in the TGF-b superfamily that modify mesenchymal-stem cell development and can promote both brown and white adipogenesis [45] . BMP-7 in particular is a powerful inducer of brown adipogenesis and is of therapeutic interest, as it has been shown to preferentially support differentiation of BAT over WAT and increase mitochondrial biogenesis and expression of UCP1 [46 ] . Adenoviral-mediated expression of BMP-7 in obesity-prone mice significantly increases brown fat mass and energy expenditure and reduced weight gain [46 ] .
Another factor affecting brown adipogenesis from the TGF-b/BMP superfamily is growth differentiation factor (GDF)3. Mice lacking GDF3 are protected from dietinduced obesity due to an increased basal metabolism rate, which results from the development of brown adipocytes within white-adipose tissue [47] . Several members of the FGF family, including FGF-16, FGF-19, and FGF-21, together with their coreceptors from the klotho family have also been shown to increase BAT growth, possibly via autocrine mechanisms [48] [49] [50] [51] .
Using brown adipose tissue as a therapy for obesity and diabetes
With the recognition that adult humans have in BAT an organ with substantial capacity to dissipate energy, targeting BAT thermogenesis may now be viewed as an appealing way to treat or prevent obesity and its associated diseases. This is especially important because there are currently only three drugs approved by the FDA specifically for weight loss (sibutramine, phentermine, and orlistat), all of which focus primarily on the reduction of energy intake [52] , and none of which have provided adequate long-term clinical efficacy [53] .
Looking forward to the future, there are two general approaches that could be used to increase BAT mass and activity: an in-vivo pharmacological approach using small molecules and growth factors (Table 1 ) [54] [55] [56] [57] [58] [59] [60] [61] to stimulate BAT growth, differentiation, and activation, and an ex-vivo cell-based approach, in which recent advances in brown adipogenesis could be used to increase brown fat differentiation from progenitor cells that invitro could then be implanted in patients seeking weight loss (Fig. 2) . The pharmacological approach is very attractive because increasing energy expenditure through thermogenesis has already proved to be very effective in achieving weight loss. For example, dinitrophenol (DNP), a nonselective uncoupler of mitochondrial oxidation, has been shown to increase energy expenditure in a sustained fashion without tolerance [54] . However, the myriad of life-threatening adverse effects precludes its use as therapy. Second, increasing energy expenditure may support the body's own adaptive response to weight gain. Interventions designed to increase BAT-mediated energy expenditure may be able to reset an obese individual's settling point for body weight back to a lower, healthier range [62 ] . Whether treatment with drugs that increase BAT activity would need to be sustained or could be used for only defined periods of time, needs to be examined. Also, it is not clear to what extent there might be even further increases in energy intake to offset energy expenditure by activated BAT in obese individuals.
Previous therapies directed at brown adipose tissue and what they tell us
Despite only recent proof that adult humans have functional BAT and may be involved in weight regulation [27 -31 ] , attempts to exploit energy expenditure in Cell-surface GDF receptor blocker [47] either occult depots of BAT or muscle as an approach for treating obesity have been considered for decades. The mixed sympathomimetic ephedrine is an alkaloid derived from the Ephedra spp. that induces central nervous system stimulation, bronchodilation, and vasoconstriction [63 ] , and has been used for weight loss. A meta-analysis of several dozen trials found that ephedrine does promote modest short-term weight loss, but there are no data on longer-term efficacy [64] . Exactly, how and where Ephedra works is unknown, but PET/CT in rats shows that ephedrine's effects on metabolism are mediated at least in part by activation of BAT [65] .
Approaches to activate BAT by selective sympathetic activation have thus far had only limited success. In rodents, the b3-adrenergic receptor is found nearly exclusively on adipocytes, and this led to development of b3-specific agonists, such as CL-316 243, which could be used to increase energy expenditure [54] . Human brown fat also expresses b3-adrenergic receptors [29 ] . However, early human trials using b3 receptor agonists were not successful. This is, at least in part, because human b3-adrenergic receptors have different binding characteristics than those in rodents [66] and did not recognize some of the early ligands used in the clinical studies. Second generation b3 agonists, which do bind human b3 receptors, have poor oral bioavailability or unfavorable pharmacokinetics [55 ] . One new-generation b3 agonist, L-796568, has been shown to acutely increase lipolysis and energy expenditure in overweight men [67] , but its effect seemed to be lost after 28 days of treatment [22, 55 ]. However, all of these studies were done before PET/CT scanning was available to specifically measure BAT function and mass and quantify the BAT activation in a particular therapy. Given the new ability to quantify human BAT activity, attempts to develop b3-adrenergic agonists need re-evaluation as a potential treatment for obesity.
Novel therapies to increase brown-adipose tissue activation
A second approach for pharmacologic stimulation of BAT thermogenesis relies not on the traditional adrenergic pathways, but on newly discovered mechanisms involving BAT-specific growth factors (Fig. 2) . For example, as noted earlier, the mesodermal growth factor BMP-7 can stimulate BAT growth and reduce weight gain when expressed systemically in mice [46 ] . Originally identified as a hormone that increased bone formation, BMP-7 has now been recognized in murine models as a potential treatment for cardiovascular, metabolic, and degenerative diseases [68] and may be effective for certain chronickidney diseases, such as diabetic nephropathy [69, 70] . Studies are already underway to determine if spinalimplanted BMP-7 can have a systemic effect on BAT growth and activation leading to weight loss in humans.
The nexus between nutritional and pharmacological activators of BAT activity can be seen with the FGFs. Mice overexpressing FGF-21 are lean and have increased brown fat [50] . FGF-21 can also be induced by a ketogenic diet [71] suggesting that some of the beneficial metabolic effects induced by a ketogenic diet are brought about by increases in BAT mass. Though further details of this family's function remain to be determined, development of recombinant FGFs designed to stimulate BAT growth and activation hold promise as means for treating obesity.
In addition to these hormones, small-molecule regulators of proteins known to control brown adipogenesis, such as PGC-1a, Rb, necdin, or PRDM16 [37, 39, 41, 72] , may be developed. They could fill a niche similar to the thiazolidinediones, which may themselves improve insulin sensitivity through increased brown adipogenesis [73] . The caveat of this approach is that there are no known small molecule activators of these transcriptional regulators, and transcription factors can have pleiotropic effects in many tissues of the body, suggesting that the immediate focus should be on pharmaceutical agents that more purely regulate UCP-1 activity.
Although certainly in its earliest phases, recent studies [43] have suggested a new model for antiobesity treatment: ex-vivo manipulation to form functional BAT. The underlying principle that makes this an alluring option is that only gram-amounts of BAT are needed to have a meaningful metabolic impact [13] . As noted earlier, at least two different routes of differentiation have been suggested to give rise to BAT [4] (Fig. 2) : one leading to the major preformed depot of BAT in rodents, that is, the interscapular brown fat pad, which are derived from myf-5 expressing precursors [34 ] and the second involving systemic brown adipocytes that appear to be derived from myf-5 negative precursors [6, 7] (T. Schulz et al., unpublished) . Which of these pathways, if either, leads to the deposits of BAT found in adult humans in the cervical and supraclavicular area remains unknown, but as both pathways are driven by BMPs and FGFs, there may be common external regulators that could be used to therapeutic advantage. Thus, in an ex-vivo approach, one would envision-isolating progenitor cells from an individual by liposuction or muscle biopsy, then inducing brown adipogenesis using appropriate growth factors such as the BMPs, and transplanting them back into the original donor for in-vivo expansion. This methodology of autotransplantation could avoid unwarranted side effects of differentiating agents or growth factors and require only minimal surgical intervention. One challenge related to this novel methodology is whether increasing BAT mass will also result in increased activated BAT, which is required for thermogenesis and weight loss to occur.
Conclusion
The obesity pandemic requires new and novel treatments. The past few years have witnessed multiple studies conclusively showing that adult humans have functional BAT, a tissue that has a tremendous capacity for obesity-reducing thermogenesis. It is now clear that adult human BAT responds to cold stimulation under both acute and chronic conditions, is regulated by adrenergic stimulation, and can be monitored using noninvasive imaging via PET/CT. Most importantly, nearly every adult human has or can make activated BAT. Combining this knowledge with recent advances in understanding BAT differentiation has created new interest in this tissue as a possible therapeutic approach for metabolic diseases. Although many questions remain regarding efficacy, safety, practicality, and durability of such treatments, we are encouraged that both classical and novel therapies targeting BAT thermogenesis may be available in the near future as therapies for obesity and diabetes.
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